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Abstract
Despite sharing much of their genomes, males and females are often highly dimorphic, reflecting at least in part the
resolution of sexual conflict in response to sexually antagonistic selection. Sexual dimorphism arises owing to sex
differences in gene expression, and steroid hormones are often invoked as a proximate cause of sexual dimorphism.
Experimental elevation of androgens can modify behavior, physiology, and gene expression, but knowledge of the role of
hormones remains incomplete, including how the sexes differ in gene expression in response to hormones. We addressed
these questions in a bird species with a long history of behavioral endocrinological and ecological study, the dark-eyed
junco (Junco hyemalis), using a custom microarray. Focusing on two brain regions involved in sexually dimorphic behavior
and regulation of hormone secretion, we identified 651 genes that differed in expression by sex in medial amygdala and 611
in hypothalamus. Additionally, we treated individuals of each sex with testosterone implants and identified many genes that
may be related to previously identified phenotypic effects of testosterone treatment. Some of these genes relate to
previously identified effects of testosterone-treatment and suggest that the multiple effects of testosterone may be
mediated by modifying the expression of a small number of genes. Notably, testosterone-treatment tended to alter
expression of different genes in each sex: only 4 of the 527 genes identified as significant in one sex or the other were
significantly differentially expressed in both sexes. Hormonally regulated gene expression is a key mechanism underlying
sexual dimorphism, and our study identifies specific genes that may mediate some of these processes.
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Introduction
Selection often favors different traits or trait values in males and
females, giving rise to sexually antagonistic selection [1–3]. These
sexually antagonistic patterns of selection have the potential to
constrain evolution [4], resulting in less fit intermediate pheno-
types [5–7], even in the face of strong selection [8]. As a
consequence, genetic, developmental and physiological mecha-
nisms that favor sex-specific phenotypes and sexual dimorphism
are expected to be favored, thus reducing sexual conflict.
One way to achieve sexual dimorphism and to relieve sexual
conflict is to regulate conflicting traits with signaling molecules that
circulate at different levels in the two sexes [9]. Specifically,
testosterone (T) is a steroid hormone that circulates at higher levels
in males than females in many species and regulates a number of
sexually dimorphic phenotypes including: sexual signals [10],
aggression [11], breeding state [12], and courtship behavior [13].
In many temperate-zone songbirds, males sing during the breeding
season and females do not, and the seasonal shift to singing
behavior is mediated by T in males [14,15]. In some species,
females exposed to experimentally elevated T develop male-like
neuroanatomy and can be induced to sing ([16]; reviewed in [17]),
suggesting that adult sex differences in hormone levels give rise to
some sexual dimorphisms.
Males and females share largely identical genomes, and sexually
dimorphic behavior in many species is thought to arise from
sexually dimorphic gene expression (reviewed in [18]). For
example, whole brains in songbirds show marked sex differences
in the expression of hundreds of genes [19], and differences in
gene expression between the sexes in the brains of cichlid fish
(Astatotilapia burtoni), outnumber those between two phenotypically
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divergent alternative male phenotypes [20]. Sex-biased gene
expression has been related to sex-biased behaviors including
sexual performance, aggression, and parental care [21], and
steroid hormone levels, including T, are known to affect sexually
dimorphic gene expression during development [21,22] and
adulthood [23].
Levels of T, however, appear to be correlated between males
and females across species, which creates the potential for conflict
over optimal circulating levels [24–26] given that traits that are
beneficial in males may be detrimental in females [17]. Following
this reasoning, selection might be expected to favor females with
reduced capacity to respond to T (sensitivity to T) through one of
many possible mechanisms [17,27]. For example, aggression is
influenced by (sensitive to) experimentally elevated T in female
tree swallows (Tachycineta bicolor) [28], zebra finches (Taeniopygia
guttata) [29] and red-winged blackbirds (Agelaius phoeniceus) [30], but
is insensitive to T in female European robins (Erithacus rubecula)
[31] and European starlings (Sturnus vulgaris) [32]. Such species
differences in female sensitivity to T suggest that evolution can
shield one sex from possible detrimental effects of selection on the
other sex. The mechanisms for this shielding are still unknown,
and changes in gene expression response to T may be important.
While past research has provided important insights into sexual
dimorphism and the role of hormones in regulating phenotype, far
less is known about the role of hormones in regulating the sex-
specific gene expression that underlies these phenotypes. By
bringing genomic tools to a system whose natural ecology is well
known, greater understanding of the production and maintenance
of sexual dimorphism should be possible.
We measured gene expression in two brain regions in males and
females of a songbird, the dark-eyed junco (Junco hyemalis) using a
species-specific microarray. We also measured the effect of
exposure to experimentally elevated testosterone on gene expres-
sion by comparing experimental animals to controls of each sex.
The junco is an avian system with mild sexual dimorphism [33],
and its behavior, ecology, and physiology have been extensively
studied over the past century [34–37]. Experimental and
correlative studies of natural populations of the junco have linked
hormonal variation to variation in phenotype [36,38] and natural
selection [39,40] in the wild. The hormonal treatment used here
has been utilized extensively in juncos [41–47] and other species
[12,16,48–52] to induce behavioral and physiological changes that
last several months [53,54].
While many traits are related to T in both sexes of the junco,
there are some traits for which females appear to be behaviorally
or physiologically insensitive to T (reviewed in [17]). In both male
and female juncos, higher T is related to higher aggression [43,55],
lower body-mass [45,56], and lower immune function [43,44]. In
contrast, several phenotypes that respond to experimentally
elevated T in males do not respond in females, including nestling
provisioning [41,45,46,57], which declines only in males, and
home range size [58,59], which increases only in males. Thus, in
the junco, the sexes differ in their phenotypic response to T for
some, but not all traits. We hypothesize that this difference may
arise partly because of differences in transcriptional response to T-
treatment.
Direct measurement of survival and reproductive success in
free-living juncos also suggests that the sexes may differ in the
fitness consequences of T [39,47,60]. In males, experimental
elevation of T reduces survival, but the reduction is more than
offset by an increase in extra-pair mating success [39,61] with the
result that fitness in T-treated males is greater than that of controls
[39]. These results suggest that selection would favor males with
higher T if such males were to occur naturally. However, females
treated with T have been shown to have lower fitness than controls
[47,60], suggesting that an elevation in T in females resulting from
an evolutionary response to selection on males could be
detrimental to females [17]. This dynamic is consistent with
sexual conflict in which the negative fitness consequences of higher
T in females might constrain the response of males to selection
favoring higher T [17,39].
To address the role of hormone-mediated and sexually
dimorphic transcriptional response in accounting for the behav-
ioral effects of T, we analyzed gene expression in two brain regions
related to these effects: the medial amygdala and the hypothal-
amus. The medial amygdala is associated with many social
behaviors, including sexually dimorphic aggressive and reproduc-
tive behaviors in birds and rodents [62–65]. The hypothalamus
regulates several aspects of homeostasis, hormone balance, and
seasonal behavior [66–69]. Both the medial amygdala and the
hypothalamus express high levels of androgen receptors [62,70],
and are thus likely to respond to experimental manipulation of T.
Importantly, these brain areas are also major sites of estrogenic
action, and many of the effects of sex steroids in these regions may
occur after local conversion of T to estradiol [71,72]. Furthermore,
the medial amygdala plays a key role in relaying and mediating
social signals between brain areas [73], and the hypothalamus is a
major control center of hormones and behavior with projections
extending throughout the brain [74]. Thus, transcriptional
changes in these brain areas are likely to reflect not just the direct
effect of sex steroids, but are also likely to be indirectly affected by
T-induced behavioral changes and T-induced changes in other
areas of the brain and body as well.
We first asked how baseline gene expression differed between
the sexes. We predicted that control males and control females
would differ in the expression of key genes related to known sex
differences, such as sexual and social behavior. We then assessed
the impact of experimental elevation of T within each sex. Here
we predicted that T-treatment would influence genes related to
traits known to respond to T-treatment in both sexes, such as
immune function, metabolism, and several behaviors. Because
some traits are insensitive to T in one sex, we also predicted that T
would affect the sexes in contrasting ways, such that at least some
of the genes that were differentially expressed between T-treated
individuals and controls would differ by sex.
Materials and Methods
Ethics Statement
This study was carried out in strict accordance with all
regulations and guidance of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All
animal methods were reviewed and approved by the Institutional
Animal Care and Use Committee at Indiana University–
Bloomington (Protocol #09-037). All implants were performed
with local anesthetic and euthanasia was conducted in accordance
with the AVMA Guidelines on Euthanasia. Animals were
captured near Mountain Lake Biological Station on publicly
accessible roadways in and around Jefferson National Forest.
Animal collection permits were obtained from the: U.S. Depart-
ment of the Interior (Permit Number: 20261), U.S. Fish and
Wildlife Service (Permit Number: MB093279-0), and Virginia
Department of Game and Inland Fisheries (Permit Number:
041506).
Animal collection and treatment
We collected 26 adult dark-eyed juncos (14 male, 12 female)
from breeding grounds near Mountain Lake Biological Station
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(Pembroke, VA; 37u 229 310N, 80u 319 240W). Individuals were
captured in mist-nets during the early breeding season (7 to 14
May 7 2010) and held individually in a semi-naturalistic outdoor
aviary. Each individual had its own compartment
(0.6061.1262.38 m). Animals were not acoustically or visually
isolated from each other.
Following capture, individuals were treated with implants of
silastic tubing that were either empty (control) or packed with
crystalline T (Sigma-Aldrich, St. Louis, Missouri, USA). Males
treated with T received two 10 mm implants, while females
received a single 5 mm implant. These implants have been used
historically in the study of the junco and have been repeatedly
shown to yield physiological maximum levels of T in each sex [17].
We placed all implants subcutaneously along the right flank of the
bird with a trochar needle under local anesthetic on May 14 and
15. Implants were checked the following day and again at the time
of euthanasia to ensure proper placement. In all, four treatment
groups were created: control males (n = 7), testosterone-treated
males (n = 7), control females (n = 6), and testosterone-treated
females (n = 6). Six individuals (males were randomly selected for
inclusion) from each treatment group were used to analyze each
tissue.
The specifics of our implant regimen were chosen to mimic
previous studies and to capture the largest possible range of effects
of T-treatment, including both direct and indirect effects.
Testosterone is aromatizable, and many of the effects of T are
known to be mediated by local conversion of T to estradiol [75].
Similarly, the duration of the implant exposure (26 days) is
sufficient to establish stable phenotypic effects [37,53], and to
allow for both direct and indirect phenotypic effects of T-
treatment on tissues and gene expression. Thus, we note that many
of the effects of T-treatment, both phenotypic in previous studies
and transcriptional in this study, are likely to be indirect stemming
from conversion of T to other hormones, the interaction of T with
other signaling systems, and feedback from behavioral and
physiological changes directly induced by T-treatment. These
direct and indirect effects reflect the natural response of the
organism to elevated T levels and to the T-implants utilized in
previous studies.
Tissue collection and RNA extraction
On June 9 and 10, 26 days after treatment, individuals were
euthanized by overdose of isoflurane. Sacrifices occurred between
the hours of 0700 and 1230. Sexes and treatments were balanced
across days and time of day due to the potential for circadian
changes in expression of some genes. Tissues, including whole
brains, were collected rapidly (within 20 minutes post-mortem)
and stored on powdered dry ice to ensure negligible RNA
degradation [76]. Brains were later dissected into 14 distinct
regions using anatomical landmarks, following previously estab-
lished methods [77,78]. Briefly, each brain was placed onto a
sterile, chilled glass petri dish over ice and allowed to thaw only
enough to permit microdissection. After removing optic chiasm,
optic tecta, and the hindbrain, we collected the diencephalon to
the depth of the anterior commissure. This dissection includes the
most rostral portion of the thalamus, but is largely limited to the
hypothalamus [77], and so it will be referred to as hypothalamus
throughout the manuscript. We then removed approximately
1 mm of the ventromedial portion of the caudal telencephalon,
which is largely limited to the medial amygdala [72]. The newly
separated regions were rapidly returned to 280uC. RNA was later
extracted in TRIzol, following manufacturer directions (Invitro-
gen, Carlsbad, CA, USA). All RNA was high quality as measured
by Agilent Bioanalyzer (Santa Clara, CA, USA) with RNA
integrity number [79] scores ranging from 7.6–9.4.
Microarray platform
Gene expression was analyzed using a custom microarray for
the dark-eyed junco based on transcriptome sequencing [80].
Briefly, this Nimblegen 12-plex microarray (Roche Nimblegen,
Inc., Madison, WI) contained 100,635 features representing
33,545 contigs (assembled sequencing reads) in triplicate covering
22,765 isogroups (putative genes). An additional 34,365 probes
singly representing unassembled singletons were omitted from this
analysis. Annotation was accomplished by sequence similarity
against the NCBI non-redundant protein database [81] using
blastx for gene identities and Blast2GO [82] for functional
annotation with gene ontology (GO) terms [83].
cDNA preparation and hybridization
Microarray experiments were conducted as described in [80]
following [84]. Briefly, we performed double strand cDNA
synthesis using the Invitrogen SuperScript Double-Stranded
cDNA Synthesis kit with random hexamer primers and labeled
cDNA using 1 O.D. CY-labeled random nonamer primer (either
Cy3 or Cy5) and 100 U Klenow fragment per 1 mg ds-cDNA
(following NimbleGen labeling protocols). We then hybridized 15
mg of each of two labeled samples (one Cy3, one Cy5) to each sub-
array, following a full round robin design within each tissue (n = 6
per treatment group for each tissue), and followed manufacturer’s
directions for post-hybridization washing and scanning (Roche
NimbleGen, Inc., Madison, WI). Imaging was accomplished by
Axon GenePix 4200A scanner (Molecular Devices, Sunnyvale CA)
with GenePix 6.0 software, and data were extracted with
NimbleScan 2.4 (Roche NimbleGen, Inc., Madison WI). Raw
microarray data were processed and normalized with the limma
package [85] in R [86]. The microarray data are available in the
NCBI Gene Expression Ominubus repository (accession number:
GSE41076).
Microarray analysis
Following normalization, we identified contigs that were
expressed in each condition by comparing contig expression
scores to randomized probes, as described in [80]. Using only
contigs expressed in at least one of the compared treatment
groups, we made three comparisons for each tissue using the
limma package [85] of bioconductor in the R statistical package
[86]: control males vs. control females; control males vs.
testosterone-treated males; and control females vs. testosterone-
treated females (n = 6 per treatment group for each tissue).
For calculations, statistics, and visualization, we used the log2
fold change between sexes or between treatment groups, along
with the modified t-statistic and p-value, calculated in the limma
package for most isogroups. However, for isogroups represented
by more than one contig (4,288 of 22,765 isogroups), we calculated
the mean t-value of all contigs and calculated significance on
degrees of freedom equal to the total number of probes scored for
the isogroup minus two. The median fold change from its
representative contigs was assigned to each isogroup. To reduce
false-positives, we set a false discovery threshold of 0.05 [87] and
calculated global q-values (FDR control for all tissues and
comparisons) using the R package qvalue [88].
We then used topGO [89] to identify the GO terms that were
significantly over-represented among the significantly differentially
expressed genes in each comparison using the weight algorithm
[90], Fisher’s exact test, and a p-value cut-off of 0.05. GO terms
with fewer than five annotations were not analyzed, and terms
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with over-representation driven by fewer than 3 genes were not
reported.
Results
Sex differences
We identified many genes as significantly differentially ex-
pressed between control males and control females in each brain
region. In the medial amygdala 651 isogroups (of 15,254
expressed) were differentially expressed between the two sexes
(Figure 1a) with 476 higher in control males than females (Table
S1 in file S1) and 175 higher in control females than males (Table
S2 in file S1). Here, GO analysis identified 46 terms that were
over-represented among the significantly differentially expressed
genes (Table S3 in file S1), including the terms: microtubule
cytoskeleton, positive regulation of synaptic plasticity by chemical substance,
positive regulation of cell growth, neuron projection, RAS protein signal
transduction, and cytokinesis.
In the hypothalamus, 611 isogroups (of 15,624 expressed) were
differentially expressed by sex (Figure 1b) with 483 higher in
control males than females (Table S4 in file S1) and 128 higher in
control females than males (Table S5 in file S1). Among these 611
genes, GO analysis identified 60 terms that were significantly over-
represented (Table S6 in file S1). These GO terms included:
regulation of microtubule cytoskeleton, positive regulation of synaptic
plasticity by chemical substance, positive regulation of cell growth, axon
regeneration, and sterol metabolic process.
Among theses genes, 324 genes were significantly differentially
expressed between the sexes in both medial amygdala and
hypothalamus (Figure 1c). Of these genes, 253 were higher in
control males than control females in both tissues (Table S7 in file
S1) and 71 were higher in control females than control males in
both tissues (Table S8 in file S1). None was differentially expressed
in opposite directions in the tissues.
Effect of T-treatment in females
In both brain regions, there were significant differences in
expression between T-treated and control females. In the medial
amygdala, 327 isogroups (of 15,110 expressed) were significantly
differentially expressed between T-treated and control females
(Figure 2a) with 167 higher in T-treated than control females
(Table S9 in file S1) and 160 lower in T-treated than control
females (Table S10 in file S1). GO analysis identified 18 over-
represented terms (Table S11 in file S1), including: microtubule
polymerization or depolymerization, structural molecule activity, and ribosome.
In the female hypothalamus, 79 isogroups (of 15,546 expressed)
were differentially expressed (Figure 2b) with 49 higher in T-
treated than control females (Table S12 in file S1) and 30 lower in
T-treated than control females (Table S13 in file S1). GO analysis
identified 15 over-represented terms (Table S14 in file S1),
including: metal ion binding, detection of chemical stimulus, and response to
nutrient levels.
In females, 16 genes were significantly differentially expressed
between T-treated and control individuals in both medial amygdala
and hypothalamus (Figure 2c). Among these genes, 9 were higher
(Table S15 in file S1) and 7 were lower (Table S16 in file S1) in T-
treated than control females in both tissues. No genes were
significantly affected in opposite directions in the two tissues.
Effect of T-treatment in males
In the medial amygdala, 36 isogroups (of 15,279 expressed)
were significantly differentially expressed between T-treated and
control males (Figure 2d) with 15 higher in T-treated than control
males (Table S17 in file S1) and 21 lower in T-treated than control
males (Table S18 in file S1). GO analysis identified four over-
represented terms: metal ion transport, ion channel activity, cation
transmembrane transporter activity, and integral to membrane.
In the male hypothalamus, 89 isogroups (of 15,540 expressed)
were significantly differentially expressed between treatment
groups (Figure 2d) with 35 higher in T-treated than control males
(Table S19 in file S1) and 54 lower in T-treated than control males
(Table S20 in file S1). GO analysis identified one over-represented
term: phosphatase activity.
In males, 8 genes were differentially expressed between T-
treated and control individuals in both medial amygdala and
hypothalamus (Figure 2c). Among these genes, 4 were higher
(Table S21 in file S1) and 4 were lower (Table S22 in file S1) in T-
treated than control males in both tissues. No genes were
significantly affected in opposite directions in the two tissues.
Comparing the effect of T-treatment in the sexes
In both the medial amygdala and hypothalamus, a small
number of genes were differentially expressed between T-treated
Figure 1. Sex differences in gene expression. Differences in gene expression between the sexes are represented by heat maps that show scaled
individual expression scores for just the significantly differentially expressed genes in the medial amygdala (a) and hypothalamus (b). Venn diagram
shows the overlap in significant genes between the two tissues (c).
doi:10.1371/journal.pone.0061784.g001
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and control individuals of both sexes. Three genes were
significantly differentially expressed between T-treated and control
individuals of both sexes in the medial amygdala (transient receptor
potential cation channel, subfamily M, member 8, and two unannotated
genes), and they were each lower in T-treated than control males,
but higher in T-treated than control females. One gene (Cytochrome
P450 19A1) was significantly differentially expressed between T-
treated and controls of both sexes in the hypothalamus, and that
gene was more highly expressed in T-treated than control
individuals in both sexes.
Discussion
We identified many genes that were differentially expressed
between control males and females and between T-treated and
control individuals of each sex. As predicted, the affected genes
were often related to known sexual dimorphisms and previously
described effects of T-treatment on phenotype (elaborated below).
However, there was a substantial difference in response to T-
treatment in males and females: T-treatment influenced the
expression of different sets of genes in each sex in both tissues. The
difference between the sexes in hormonally regulated gene
expression is a key to understanding sexual dimorphism and
sexual conflict, and the specific genes identified here may mediate
some of these processes.
Sexually dimorphic gene expression
Similarly to other studies (reviewed in [18]), we identified a
substantial number of genes that were expressed differentially in
males and females. In general, our results resembled patterns
found in previous comparisons of sex-biased gene expression in
whole brains of other song birds [19], although we identified a
greater number of sexually dimorphic genes (611 in the
hypothalamus and 651 in the medial amygdala) than were
reported in the whole brain of zebra finch and common
whitethroat (Sylvia communis; 509 and 345, respectively; [19]). This
difference may relate to fact that we analyzed two specific brain
regions as opposed to whole brain. Others have noted that pooling
tissues comprised of discrete regions can reduce ability to detect
differences [65], likely because changes in gene expression in
particular regions may be masked if the expression level was
modified in only a subset of tissues that were analyzed collectively.
Significant gene expression differences between fine scale regions
of the human [91] and bird [92] brain suggest that sex differences
in gene expression may vary significantly between regions as well.
The consensus from comparative neurobiology suggests that
social stimuli are relayed through the medial amygdala to modify
how animals respond to social stimuli, and many of the behaviors
influenced by the medial amygdala are sexually dimorphic,
including social [93] and aggressive [94] behaviors. Thus, it is
not surprising that among the differentially affected genes, there
were several receptors that have been directly related to behavior
in model systems. For example, galanin receptor 3 (GALR3) was
expressed more in males than females, and galanin, its ligand, has
been implicated in several clinical conditions that are known to
affect one sex more than another, including depression and
anxiety [95,96] and human alcoholism [97].
In the hypothalamus, we found differential expression of a
number of cholesterol- and steroid-related genes, consistent with
the role of the hypothalamus in regulating steroid levels.
Specifically, HMG-CoA reductase, HMG-CoA synthase, and hydroxyste-
roid (17-beta) dehydrogenase 4 (HSD17B4), were all more highly
expressed in control males than control females. HMG-CoA
reductase, and HMG-CoA synthase, are key enzymes in the production
of cholesterol via the mevalonate pathway [98], a necessary step
for de novo production of steroid hormones. HSD17B4, is involved,
Figure 2. Gene expression in response to T-treatment in each sex. Differences in gene expression between T-treated and control individuals
in both the medial amygdala (left column) and the hypothalamus (middle column) for response to females (a–c) and in males (d–fh). Heat maps show
scaled individual expression scores for just the genes that were significantly differentially expressed between T-treated and control individuals in each
sex (a,b,d,e). Venn diagram shows the overlap of significant within each contrast between the tissues. See text and supplementary tables for more
information.
doi:10.1371/journal.pone.0061784.g002
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primarily, in the oxidative breakdown of estradiol [99]. Combined,
these findings suggest that males may be producing more steroids
(or their precursors), but also more rapidly turning them over,
compared to females. In addition, follistatin was more highly
expressed in control males than control females. Follistatin plays a
wide-range of roles throughout the body [100]; however, in the
brain it suppresses the release of follicle stimulating hormone, a
key regulator of gametogenesis [101], from the pituitary [102].
Together, the differential expression of these genes is consistent
with the known role of the hypothalamus in regulating hormonal
and reproductive physiology differently in males and females.
Results in mammals find a limited number of genes with
sexually dimorphic expression in the brain as compared to other
tissues, and these genes often appear to have potentially large
downstream effects [103], as do the genes identified in this study.
For example, in mice, RNA helicase activity is the only function over-
represented among genes differentially expressed in brain between
males and females [65]. In other species, many of the genes and
functions identified as differentially expressed between males and
females relate to translation and suggest large downstream effects
that cannot be identified by gene expression analysis [103]. In our
study, several transcription factors (nine in the medial amygdala
and six in the hypothalamus) were differentially expressed between
control males and females. If these transcription factors have a
subtle effect on expression of other genes, then perhaps they
affected the expression of many other genes, but below the level of
detection of this experiment. Many of the genes we identified as
differentially expressed by sex were also related to cell growth and
cytoskeleton structure. For instance, genes related to microtubule
formation were expressed at higher levels in males than in females
in both the medial amygdala and hypothalamus, perhaps
suggesting that males were more actively maintaining and
remodeling the cellular structure of these brain regions.
Effect of T-treatment in females
Several of the genes that were differentially expressed between
T-treated and control females have been linked to aggressive
behavior in the past, suggesting a connection with the known effect
of T-treatment on aggression in juncos [43] and other species
[28,52]. Cytochrome P450 19A1, the aromatase responsible for the
enzymatic conversion of T to estradiol [71], was more highly
expressed in the hypothalamus of T-treated than control females.
Local metabolism of T into estradiol is known to meditate many of
the well known effects of T [75], suggesting that the higher
hypothalamic expression of aromatase may mediate some of the
behavioral effects of T-treatment. Neural aromatase expression
and activity is associated with sexual [104] and aggressive behavior
[105] and correlates with aggression in juncos [78]. Similarly,
monoamine oxidase A (MAO-A) is less expressed in the medial
amygdala of T-treated than control females. MAO-A degrades
both dopamine and serotonin, and decreased or absent function-
ing of MAO-A increases aggression in mice [106] and humans
[107]. Thus, expression changes in Cytochrome P450 19A1 and
MAO-A may partially mediate the effects of T-treatment on
aggression.
Another set of differentially expressed genes appears to be
related to the metabolic and activity effects of T-treatment
[59,108,109]. Cannabinoid receptor 1 (CB1) was more highly
expressed in the hypothalamus of T-treated than control females.
This is one of the genes annotated with the GO term response to
nutrient levels, and the role of CB1 in signaling hunger [110] may be
involved in the reduced body mass and fattening induced by T-
treatment [45,56]. Further, GALR3, which can affect activity
[95,111], is less expressed in medial amygdala of T-treated than
control females.
Although we did not directly measure phenotypes in this study,
more than a dozen previous studies in juncos have demonstrated
that this same T-treatment masculinizes several female behaviors
[17], including reduced nest defense [47], increased aggression
[43], and reduced mate choosiness [112], to levels more similar to
males [33,113,114]. Findings in other species also support a role
for T in masculinizing female behavior and brain morphology
[16,17,25], along with gene expression [22,23,115]. In both sexes,
many of the neural effects of testosterone are actually mediated by
estradiol, after testosterone is locally converted via aromatase [75].
Further, if T-treatment directly caused a behavioral change, then
gene expression in the brain may be a response to that modified
behavior, rather than a direct response to T. Thus, we cannot
distinguish whether the gene expression effects we quantified were
the direct effect of T or caused by these indirect routes; however,
these mechanisms likely operated in previous studies of T-
treatment and therefore reflect the transcriptional changes related
to known phenotypic effects of T-treatment.
Effect of T-treatment in males
Many of the genes identified as differentially expressed between
T-treated and control males are related to previously identified
phenotypic effects of T-treatment. Further, it appears that several
of the differentially expressed genes impact signaling systems that
are likely to have large influence on a number of phenotypes.
Testosterone is a hormone that has pleiotropic effects on
organismal phenotype [36]; however it is possible that these
sweeping effects are not the result of T-treatment affecting the
expression of many different genes (either directly or indirectly),
but rather the result of T-treatment altering the expression of only
a few genes with major pleiotropic effects on a broad array of
phenotypes.
Several genes appear to be related to both the aggressive- [55]
and activity- [59] related effects of T-treatment. For example, in
hypothalamus, cytochrome P450 19A1, the aromatase responsible for
the enzymatic conversion of T to estradiol [71], was more highly
expressed in T-treated than control males. As in females (see
above), change in expression of aromatase may explain several
aspects of the aggressive and sexual response to T-treatment in
juncos [75,78,116]. In mice and humans, decreased melanocortin 4
receptor (MC4R) activity increases feeding and obesity [117–119].
Thus, higher expression of MC4R in hypothalamus of T-treated
than control males is consistent with previous findings of reduced
body mass following T-treatment in songbirds [45,56], though it is
important to note that such an effect could come about because
MC4R was directly affected by T-treatment or because T-
treatment induced changes in feeding and metabolism that altered
expression of MC4R.
Thus, it is possible that the expression change in these few genes
could account for a large proportion of the previously described
phenotypic effects of T-treatment. As another example,
MGC89063 protein, a major transcriptional cofactor [83,120],
was expressed more highly in T-treated than control males in the
hypothalamus and medial amygdala. MGC89063 may play a wide
role in modifying gene expression, and if its downstream effects on
gene-expression were numerous but small or in different brain
regions, they may be below the level of detection for microarray
experiments yet still be biologically meaningful [121].
Comparing the effect of T-treatment in the sexes
Most of the genes identified as significantly differentially
expressed between T-treated individuals and controls in one sex
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were not also significant in the other sex, suggesting that different
genes were being affected by T-treatment in each sex. The small
overlap between genes that were affected by T-treatment in males
and females is particularly puzzling, because T-treatment elicits
many of the same behavioral and physiological outcomes in both
sexes (reviewed in [17]). Our data suggest that the sexes may arrive
at particular phenotypic outcomes via transcriptional changes in
different genes, though other systems give reason to doubt the
generality of this finding. For example, dominant social behavior
in cichlid fish appears to be due to the same gene expression
mechanisms in both males and females [122], demonstrating that
similar phenotypes in males and females may be arrived at
through the same transcriptional mechanisms as well.
Among the genes that were significantly differentially expressed
between T-treated and control individuals in both sexes, there was
no clear pattern relating the sexes. In the hypothalamus, cytochrome
P450 19A1 (aromatase) was higher in T-treated than control
individuals of both sexes, possibly due to its role in local conversion
of T to estradiol, which may be the mediator of some of the known
effects of T-treatment (see above for descriptions in males and
females). In the medial amygdala, the three genes that were
differentially expressed between T-treated and control individuals
were all higher in T-treated than control in females and lower in
T-treated than control in males. Only one of these, (transient receptor
potential cation channel, subfamily M, member 8; TRPM8) was
annotated. TRPM8 responds to cold stimuli in sensory cells
[123], but whether it mediates known phenotypic effects of T-
treatment via the medial amygdala is unclear.
It appears that the similar phenotypic outcomes of T-treatment
described in previous studies may be caused by expression changes
in different genes in each sex. For example, activity and
metabolism appear to be affected by T-treatment in multiple
species (e.g., [109,124]), but in juncos, only males, not females,
increase their home-range size in response to T-treatment [58,59].
As described above, it appears that some of these metabolic and
activity effects of T-treatment [109,124] could be mediated by
changes in expression of CB1 and GALR3 in females [125,126],
while MC4R expression may mediate this effect in males [118].
Perhaps these different transcriptional routes are a mechanism
that has allowed for the divergence of male and female response to
T-treatment.
The difference in T-dosage given to each sex may also relate to
the differential response to T-treatment in males and females. We
administered one 5 mm implant to females to induce T-levels at
the high end of the natural distribution of female T, but because
male T is naturally much higher, we used two 10 mm implants to
induce T-levels at the high end of the natural distribution of male
T. Thus, while these doses were sex-appropriate [17] and match
the doses used when measuring phenotypes in previous studies
(e.g. [46,112]), it remains possible that there is a bell-shaped dose-
response curve to T such that T-treatment in males suppressed the
expression of genes that were enhanced by T-treatment in females.
Thus, it is possible that had we treated females with the same dose
as males, the responses might have been similar. However, we do
not think this explanation is the most parsimonious because these
same dosages of T implant induce similar behavior and physiology
in male and female juncos (summarized above). Further, identical
doses of T would not ensure that the sexes experience the implants
in the same way. For example, in wintering juncos given identical
5-mm T-implants, females had circulating levels of T that were
significantly higher than males [127], suggesting that male and
female processing of exogenous T may differ.
The fact that both males and females have been shown to
respond phenotypically to T-treatment indicates the potential for
sexual antagonism over the optimal circulating level of hormones
[24–26]. However, it is also known that females are not sensitive to
all of the same behavioral and physiological effects of hormonal
treatment as males (reviewed in [17]). Female insensitivity to T-
treatment with respect to some phenotypes suggests that, in some
species, the sexes may process or interpret a hormonal signal
differently, which is consistent with our finding that T-treatment
affects different genes in each sex. Thus, not only do the sexes
differ in naturally circulating levels of T and phenotypic response
to T-treatment [17], but, as we have shown here, they also differ in
the downstream genomic effects seen in response to experimental
treatment with T. It is possible that the sex difference in
transcriptional response to T-treatment could be a consequence
of additional modulators of gene expression that control the way in
which T interacts with the genome (e.g. androgen receptor co-
activators or DNA methylation patterns). Sexual dimorphism in
the genes that are affected by T-treatment may be a key step in
resolving sexual conflict over optimal circulating T levels [24–26]
by modifying the phenotypic effect of T separately in each sex.
Conclusions
In this study, we applied genomic tools and functional
knowledge from model systems to a species with well-studied
ecology to gain novel insights into sexual dimorphism and
hormones in a natural system. We identified a large number of
genes that are likely to play specific roles in both sexual
dimorphism and the behavioral effects of testosterone. Further
investigation is warranted to determine whether these differences
in gene expression contributed to the previously identified
phenotypic effects of T-treatment and to assess the mechanisms
relating T-treatment, gene expression, and phenotypic effects.
Specifically, RNAi knockdown of these genes would allow for
analysis of the immediate impact of targeted changes in gene
expression on behavior. T-treatment affected largely different
genes in males and female, suggesting that T-treatment may bring
about similar behavioral and physiological effects on the sexes by
different transcriptional mechanisms, potentially opening a route
to the reduction of sexual conflict over optimal levels of T. We
were especially intrigued by the possibility that only a few genes in
a few tissues may mediate the pleiotropic phenotypic effects
previously observed in response to T-treatment.
Supporting Information
File S1 Tables S1–S22 list the genes that were signifi-
cantly differentially regulated in each of the tested
comparisons and the GO terms that were over-repre-
sented.
(PDF)
Acknowledgments
The authors would like to thank Sarah Wanamaker for assistance with
animal care and Jacqueline Lopez for expert technical contributions in
microarray hybridization. We also thank Baiju Parikh, at Roche
NimbleGen for contributions to the CGB Ecological Genomics Pipeline,
and Mountain Lake Biological Station, University of Virginia for facilities
and access to property for conducting this research.
Author Contributions
Conceived and designed the experiments: MPP KAR HT JKC EDK.
Performed the experiments: MPP KAR JHC CZ. Analyzed the data: MPP
KAR JHC HT JKC EDK. Contributed reagents/materials/analysis tools:
MPP KAR JHC HT JKC EDK. Wrote the paper: MPP KAR JHC CZ
HT JKC EDK.
Testosterone Affects Gene Expression in Both Sexes
PLOS ONE | www.plosone.org 7 April 2013 | Volume 8 | Issue 4 | e61784
References
1. Cox R, Calsbeek R (2009) Sexually Antagonistic Selection, Sexual Dimor-
phism, and the Resolution of Intralocus Sexual Conflict. American Naturalist
173:2 176–187.
2. Rice W, Chippindale A (2001) Intersexual ontogenetic conflict. J. Evol. Biol.
14:5 685–693.
3. van Doorn G (2009) Intralocus Sexual Conflict. Ann. N. Y. Acad. Sci. 1168:
52–71.
4. Lande R (1980) Sexual dimorphism, sexual selection, and adaptation in
polygenic characters. Evolution 34:2 292–305.
5. Delph L, Gehring J, Frey F, Arntz A, Levri M (2004) Genetic constraints on
floral evolution in a sexually dimorphic plant revealed by artificial selection.
Evolution 58:9 1936–1946.
6. Prasad N, Bedhomme S (2006) Sexual conflict in plants. J. Genet. 85:3 161–
164.
7. Maklakov A, Simpson S, Zajitschek F, Hall M, Dessmann J, et al. (2008) Sex-
specific fitness effects of nutrient intake on reproduction and lifespan. Current
Biology 18:14 1062–1066.
8. Fedorka K, Mousseau T (2004) Female mating bias results in conflicting sex-
specific offspring fitness. Nature 429:6987 65–67.
9. Rice W (1984) Sex-chromosomes and the evolution of sexual dimorphism.
Evolution 38:4 735–742.
10. Berthold A (1849) Transplantation der hoden (of testes). Arch Anat Physiol
Wiss Med 16: 42–46.
11. Archer J (1991) The influence of testosterone on human aggression. British
Journal of Psychology 82:1 1–28.
12. Brenowitz EA (2004) Plasticity of the adult avian song control system.
Behavioral Neurobiology of Birdsong 1016: 560–585.
13. Wiley CJ, Goldizen AW (2003) Testosterone is correlated with courtship but
not aggression in the tropical buff-banded rail, Gallirallus philippensis.
Hormones and Behavior 43:5 554–560.
14. Tramontin AD, Perfito N, Wingfield JC, Brenowitz EA (2001) Seasonal growth
of song control nuclei precedes seasonal reproductive development in wild adult
song sparrows. Gen. Comp. Endocrinol. 122:1 1–9.
15. Smith GT, Brenowitz EA, Beecher MD, Wingfield JC (1997) Seasonal changes
in testosterone, neural attributes of song control nuclei, and song structure in
wild songbirds. Journal of Neuroscience 17:15 6001-6010.
16. Nottebohm F (1980) Testosterone triggers growth of brain vocal control nuclei
in adult female canaries. Brain Res. 189:2 429–436.
17. Ketterson ED, Nolan V, Sandell M (2005) Testosterone in females: Mediator of
adaptive traits, constraint on sexual dimorphism, or both?. American Naturalist
166:4 S85–S98.
18. Ellegren H, Parsch J (2007) The evolution of sex-biased genes and sex-biased
gene expression. Nature Reviews Genetics 8:9 689–698.
19. Naurin S, Hansson B, Hasselquist D, Kim YH, Bensch S (2011) The sex-biased
brain: sexual dimorphism in gene expression in two species of songbirds. BMC
Genomics 12:37.
20. Renn SCP, Aubin-Horth N, Hofmann HA (2008) Fish and chips: functional
genomics of social plasticity in an African cichlid fish. Journal of Experimental
Biology 211:18 3041–3056.
21. Xu XH, Coats JK, Yang CF, Wang A, Ahmed OM, et al. (2012) Modular
Genetic Control of Sexually Dimorphic Behaviors. Cell 148:3 596–607.
22. Yonehara K, Suzuki M, Yamanouchi K, Nishihara M (2003) Expression
analyses of sex steroid-regulated genes in neonatal rat hypothalamus. J Reprod
Develop 49:6 547–552.
23. van Nas A, GuhaThakurta D, Wang SS, Yehya N, Horvath S, et al. (2009)
Elucidating the Role of Gonadal Hormones in Sexually Dimorphic Gene
Coexpression Networks. Endocrinology 150:3 1235–1249.
24. Mank JE (2007) The evolution of sexually selected traits and antagonistic
androgen expression in actinopterygiian fishes. Am. Nat. 169:1 142–149.
25. Moller AP, Garamszegi LZ, Gil D, Hurtrez-Bousses S, Eens M (2005)
Correlated evolution of male and female testosterone profiles in birds and its
consequences. Behav. Ecol. Sociobiol. (Print) 58:6 534–544.
26. Mokkonen M, Koskela E, Mappes T, Mills SC (2012) Sexual antagonism for
testosterone maintains multiple mating behaviour. Jouranl of Animal Ecology
81:1 277–283.
27. Hau M, Ricklefs RE, Wikelski M, Lee KA, Brawn JD (2010) Corticosterone,
testosterone and life-history strategies of birds. Proceedings of the Royal Society
B-Biological Sciences 277:1697 3203–3212.
28. Rosvall KA (2013) Life History Trade-Offs and Behavioral Sensitivity to
Testosterone: An Experimental Test When Female Aggression and Maternal
Care Co-Occur. PLoS ONE 8:1 e54120.
29. Adkins-Regan E (1999) Testosterone increases singing and aggression but not
male-typical sexual partner preference in early estrogen treated female zebra
finches. Hormones and Behavior 35:1 63–70.
30. Searcy WA (1988) Do female red-winged blackbirds limit their own breeding
densities?. Ecology 69:1 85–95.
31. Kriner E, Schwabl H (1991) Control of winter song and territorial aggression of
female robins (Erithacus-rubecula) by testosterone. Ethology 87:12 37–44.
32. De Ridder E, Pinxten R, Mees V, Eens M (2002) Short- and long-term effects
of male-like concentrations of testosterone on female European starlings
(Sturnus vulgaris). Auk 119:2 487–497.
33. Nolan V, Ketterson ED, Cristol DA, Rogers CM, Clotfelter ED, et al. (2002)
in:ed. Poole, A. The birds of north america: Cornell Lab of Ornithology. pp. 1–
44.
34. Rowan W (1925) Relation of light to Bird migration and developmental
changes. Nature London 115: pp. 494–495.
35. Miller AH (1941) Speciation in the avian species Junco. Univ. Calif. Publ. Zool.
44:3 173–434.
36. Ketterson E, Atwell J, McGlothlin J (2009) Phenotypic integration and
independence: Hormones, performance, and response to environmental
change. Integr. Comp. Biol. 49:4 365–379.
37. Ketterson E, Nolan V, Casto J, Buerkle C, Clotfelter E, et al. (2001) in:eds.
Dawson A & Chaturvedi C M Avian endocrinology: Narosa Publishing House.
pp. 19–40.
38. Ketterson ED, Nolan V, Cawthorn MJ, Parker PG, Ziegenfus C (1996)
Phenotypic engineering: Using hormones to explore the mechanistic and
functional bases of phenotypic variation in nature. Ibis 138:1 70–86.
39. Reed WL, Clark ME, Parker PG, Raouf SA, Arguedas N, et al. (2006)
Physiological effects on demography: A long-term experimental study of
testosterone’s effects on fitness. American Naturalist 167:5 667–683.
40. McGlothlin JW, Whittaker DJ, Schrock SE, Gerlach NM, Jawor JM, et al.
(2010) Natural Selection on Testosterone Production in a Wild Songbird
Population. American Naturalist 175:6 687–701.
41. Clotfelter ED, Chandler CR, Nolan V, Ketterson ED (2007) The influence of
exogenous testosterone on the dynamics of nestling provisioning in dark-eyed
juncos. Ethology 113:1 18–25.
42. Greives TJ, McGlothlin JW, Jawor JM, Demas GE, Ketterson ED (2006)
Testosterone and innate immune function inversely covary in a wild population
of breeding Dark-Eyed Juncos (Junco hyemalis). Functional Ecology 20:5 812–
818.
43. Zysling DA, GreiveS TJ, Breuner CW, Casto JM, Dernas GE, et al. (2006)
Behavioral and physiological responses to experimentally elevated testosterone
in female dark-eyed juncos (Junco hyemalis carolinensis). Hormones and
Behavior 50:2 200–207.
44. Casto JM, Nolan V, Ketterson ED (2001) Steroid hormones and immune
function: Experimental studies in wild and captive dark-eyed juncos (Junco
hyemalis). American Naturalist 157:4 408–420.
45. Clotfelter ED, O’Neal DM, Gaudioso JM, Casto JM, Parker-Renga IM et al.
(2004) Consequences of elevating plasma testosterone in females of a socially
monogamous songbird: evidence of constraints on male evolution?. Hormones
and Behavior 46:2 171–178.
46. Ketterson ED, Nolan V, Wolf L, Ziegenfus C (1992) Testosterone and avian
life histories-effects of experimentally elevated testosterone on behavior and
correlates of fitness in the dark-eyed junco (Junco hyemalis). American
Naturalist 140:6 980–999.
47. O’Neal D, Reichard D, Pavilis K, Ketterson E (2008) Experimentally-elevated
testosterone, female parental care, and reproductive success in a songbird, the
Dark-eyed Junco (Junco hyemalis). Hormones and Behavior 54:4 571–578.
48. Van Duyse E, Pinxten R, Eens M (2002) Effects of testosterone on song,
aggression, and nestling feeding behavior in male great tits, Parus major.
Hormones and Behavior 41:2 178–186.
49. Meitzen J, Thompson CK (2008) Seasonal-like growth and regression of the
avian song control system: Neural and behavioral plasticity in adult male
Gambel’s white-crowned sparrows. Gen. Comp. Endocrinol. 157:3 259–265.
50. Cox R, Stenquist D, Calsbeek R (2009) Testosterone, growth and the evolution
of sexual size dimorphism. J. Evol. Biol. 22:8 1586–1598.
51. Meitzen J, Thompson CK, Choi H, Perkel DJ, Brenowitz EA (2009) Time
course of changes in Gambel’s white-crowned sparrow song behavior following
transitions in breeding condition. Hormones and Behavior 55:1 217–227.
52. Arnold AP (1975) Effects of castration and androgen replacement on song,
courtship, and aggression in zebra finches (Poephila-guttata). Journal of
Experimental Zoology 191:3 309–325.
53. Wingfield JC (1984) Environmental and endocrine control of reproduction in
the song sparrow, Melospiza-melodia. 2. Agonistic interactions as environ-
mental information stimulating secretion of testosterone. Gen Comp Endocr
56:3 417–424.
54. Nolan V, Ketterson ED, Ziegenfus C, Cullen DP, Chandler CR (1992)
Testosterone and avian life histories-effects of experimentally elevated
testosterone on prebasic molt and survival in male dark-eyed juncos. Condor
94:2 364–370.
55. McGlothlin JW, Jawor JM, Ketterson ED (2007) Natural variation in a
testosterone-mediated trade-off between mating effort and parental effort.
American Naturalist 170: 864–875.
56. Ketterson E, Nolan V, Wolf L, Ziegenfus C, Dufty A et al. (1991) Testosterone
and avian life histories-the effect of experimentally elevated testosterone on
corticosterone and body-mass in dark-eyed juncos. Hormones and Behavior
25:4 489–503.
57. Schoech SJ, Ketterson ED, Nolan V, Sharp PJ, Buntin JD (1998) The effect of
exogenous testosterone on parental behavior, plasma prolactin, and prolactin
binding sites in dark-eyed juncos. Hormones and Behavior 34:1 1–10.
Testosterone Affects Gene Expression in Both Sexes
PLOS ONE | www.plosone.org 8 April 2013 | Volume 8 | Issue 4 | e61784
58. Reichard D, Ketterson E (2012) Estimation of female home-range size during
the nestling period of Dark-eyed Juncos. Wilson Journal of Ornithology 124:3
614–620.
59. Chandler CR, Ketterson ED, Nolan V, Ziegenfus C (1994) Effects of
testosterone on spatial activity in free-ranging male dark-eyed juncso, Junco
hyemalis. Animal Behavior 47:6 1445–1455.
60. Gerlach NM, Ketterson ED (2013) Experimental elevation of testosterone
lowers fitness in female dark-eyed juncos. Hormones and Behavior In Press.
61. Raouf SA, Parker PG, Ketterson ED, Nolan V, Ziegenfus C (1997)
Testosterone affects reproductive success by influencing extra-pair fertilizations
in male dark-eyed juncos (Aves: Junco hyemalis). Proceedings Of The Royal
Society Of London Series B-Biological Sciences 264:1388 1599–1603.
62. Thompson RR, Goodson JL, Ruscio MG, Adkins-Regan E (1998) Role of the
archistriatal nucleus taeniae in the sexual behavior of male Japanese quail
(Coturnix japonica): A comparison of function with the medial nucleus of the
amygdala in mammals. Brain Behavior and Evolution 51:4 215–229.
63. Canoine V, Fusani L, Schlinger B, Hau M (2007) Low sex steroids, high steroid
receptors: Increasing the sensitivity of the nonreproductive brain. Develop-
mental Neurobiology 67:1 57–67.
64. Voigt C, Goymann W (2007) Sex-role reversal is reflected in the brain of
African black coucals (Centropus grillii). Developmental Neurobiology 67:12
1560–1573.
65. Yang X, Schadt EE, Wang S, Wang H, Arnold AP, et al. (2006) Tissue-specific
expression and regulation of sexually dimorphic genes in mice. Genome Res.
16:8 995–1004.
66. Ono H, Nakao N, Yoshimura T (2009) Identification of the photoperiodic
signaling pathway regulating seasonal reproduction using the functional
genomics approach. Gen. Comp. Endocrinol. 163:1–2 2–6.
67. Tsutsui K, Saigoh E, Ukena K, Teranishi H, Fujisawa Y, et al. (2000) A novel
avian hypothalamic peptide inhibiting gonadotropin release. Biochem.
Biophys. Res. Commun. 275:2 661–667.
68. Zhang D, Xiong H, Mennigen JA, Popesku JT, Marlatt VL, et al. (2009)
Defining Global Neuroendocrine Gene Expression Patterns Associated with
Reproductive Seasonality in Fish. PLoS ONE 4:6 e5816.
69. Mukai M, Replogle K, Drnevich J, Wang G, Wacker D, et al. (2009) Seasonal
Differences of Gene Expression Profiles in Song Sparrow (Melospiza melodia)
Hypothalamus in Relation to Territorial Aggression. PLoS ONE 4:12 e8182.
70. Soma KK, Hartman VN, Wingfield JC, Brenowitz EA (1999) Seasonal changes
in androgen receptor immunoreactivity in the song nucleus HVc of a wild bird.
J. Comp. Neurol. 409:2 224–236.
71. Lephart E (1996) A review of brain aromatase cytochrome P450. Brain
Research Reviews 22:1 1–26.
72. Soma KK, Bindra RK, Gee J, Wingfield JC, Schlinger BA (1999) Androgen-
metabolizing enzymes show region-specific changes across the breeding season
in the brain of a wild songbird. J. Neurobiol. 41:2 176–188.
73. Mitchell DGV (2011) The nexus between decision making and emotion
regulation: A review of convergent neurocognitive substrates. Behav. Brain
Res. 217:1 215–231.
74. Risold PY, Thompson RH, Swanson LW (1997) The structural organization of
connections between hypothalamus and cerebral cortex. Brain Res Rev 24:2–3
197–254.
75. Forlano PM, Schlinger BA, Bass AH (2006) Brain aromatase: New lessons from
non-mammalian model systems. Front Neuroendocrin 27:3 247–274.
76. Cheviron ZA, Carling MD, Brumfield RT (2011) Effects of postmortem
interval and preservation method on RNA isolated from field-preserved avian
tissues. Condor 113:3 483–489.
77. Soma KK, Schlinger BA, Wingfield JC, Saldanha CJ (2003) Brain aromatase, 5
alpha-reductase, and 5 beta-reductase change seasonally in wild male song
sparrows: Relationship to aggressive and sexual behavior. J. Neurobiol. 56:3
209–221.
78. Rosvall KA, Bergeon Burns CM, Barske J, Goodson JL, Schlinger BA, et al.
(2012) Neural sensitivity to sex steroids predicts individual differences in
aggression: implications for behavioural evolution. Proceedings of the Royal
Society B-Biological Sciences 279:1742 3547–3555.
79. Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, et al. (2006) The
RIN: an RNA integrity number for assigning integrity values to RNA
measurements. BMC Mol. Biol. 7:3.
80. Peterson M, Whittaker D, Ambreth S, Sureshchandra S, Mockatis K, et al.
(2012) De novo transcriptome sequencing in a songbird, the dark-eyed junco
(Junco hyemalis): Genomic tools for an ecological model system. BMC
Genomics 13:305.
81. Pruitt KD, Tatusova T, Klimke W, Maglott DR (2009) NCBI Reference
Sequences: current status, policy and new initiatives. Nucleic Acids Res. 37:
Database Issue D32–D36.
82. Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, et al. (2005)
Blast2GO: a universal tool for annotation, visualization and analysis in
functional genomics research. Bioinformatics 21:18 3674–3676.
83. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, et al. (2000) Gene
Ontology: tool for the unification of biology. Nat. Genet. 25:1 25–29.
84. Lopez J, Colbourne J (2011) Dual-Labeled Expression Microarray Protocol for
High-Throughput Genomic Investigations. CGB Technical Report 2011 2:
doi: http://dx.doi.org/10.2506/cgbtr-201102.
85. Smyth GK (2005) Limma: Linear models for microarray data. Bioinformatics
and computational biology solution using R and Bioconductor: 397–420.
86. R Development Core Team (2010) R: A Language and Environment for
Statistical. R Foundation for Statistical Computing. Vienna, Austria.
87. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate-a
practical and powerful approach to multiple testing. Journal of the Royal
Statistical Society Series B-Methodological 57:1 289–300.
88. Storey J (2002) A direct approach to false discovery rates. Journal of the Royal
Statistical Society, Series B 64:3 479–498.
89. Alexa A, Rahnenfuhrer J (2010) topGO: Enrichment analysis for Gene
Ontology.
90. Alexa A, Rahnenfuehrer J, Lengauer T (2006) Improved scoring of functional
groups from gene expression data by decorrelating GO graph structure.
Bioinformatics 22:13 1600–1607.
91. Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, et al. (2012)
An anatomically comprehensive atlas of the adult human brain transcriptome.
Nature 489: 391–399.
92. Drnevich J, Replogle KL, Lovell P, Hahn TP, Johnson F, et al. (2012) Impact
of experience-dependent and-independent factors on gene expression in
songbird brain. Proc. Natl. Acad. Sci. U.S.A. 109 Suppl 2: 17245–52.
93. Cushing BS, Perry A, Musatov S, Ogawa S, Papademetriou E (2008) Estrogen
Receptors in the Medial Amygdala Inhibit the Expression of Male Prosocial
Behavior. J. Neurosci. 28:41 10399–10403.
94. Jia R, Tai FD, An SC, Broders H, Ding XL, et al. (2008) Effects of neonatal
oxytocin treatment on aggression and neural activities in mandarin voles.
Physiol. Behav. 95:1–2 56–62.
95. Lu XY, Barr AM, Kinney JW, Sanna P, Conti B, et al. (2005) A role for galanin
in antidepressant actions with a focus on the dorsal raphe nucleus. Proc. Natl.
Acad. Sci. U.S.A. 102:3 874–879.
96. Holmes A, Kinney JW, Wrenn CC, Li Q, Yang RJ, et al. (2003) Galanin GAL-
R1 receptor null mutant mice display increased anxiety-like behavior specific to
the elevated plus-maze. Neuropsychopharmacology 28:6 1031–1044.
97. Belfer I, Hipp H, Bollettino A, McKnight C, Evans C, et al. (2007) Alcoholism
is associated with GALR3 but not two other galanin receptor genes. Genes
Brain and Behavior 6:5 473–481.
98. Miziorko HM (2011) Enzymes of the mevalonate pathway of isoprenoid
biosynthesis. Arch. Biochem. Biophys. 505:2 131–143.
99. Adamski J, Normand T, Leenders F, Monte D, Begue A, et al. (1995)
Molecular-cloning of a novel widely expressed human 80 kDa 17-beta-
hydroxysteroid dehydrogenase-IV. Biochem. J. 311:2 437–443.
100. Phillips DJ, de Kretser DM (1998) Follistatin: A multifunctional regulatory
protein. Front Neuroendocrin 19:4 287–322.
101. Plant TM (2008) Hypothalamic control of the pituitary-gonadal axis in higher
primates: Key advances over the last two decades. J. Neuroendocrinol. 20:6
719–726.
102. Ueno N, Ling N, Ying SY, Esch F, Shimasaki S, et al. (1987) Isolation and
partial characterization of follistatin-a single-chain mr 35,000 monomeric
protein that inhibits the release of follicle-stimulating-hormone. PNAS 84:23
8282–8286.
103. Rinn JL, Snyder M (2005) Sexual dimorphism in mammalian gene expression.
Trends in Genetics 21:5 298–305.
104. Lord L, Bond J, Thompson RR (2009) Rapid steroid influences on visually
guided sexual behavior in male goldfish. Hormones and Behavior 56:5 519–
526.
105. Black MP, Balthazart J, Baillien M, Grober MS (2005) Socially induced and
rapid increases in aggression are inversely related to brain aromatase activity in
a sex-changing fish, Lythrypnus dalli. Proceedings of the Royal Society B-
Biological Sciences 272:1579 2435–2440.
106. Vishnivetskaya GB, Skrinskaya JA, Seif I, Popova NK (2007) Effect of MAO A
deficiency on different kinds of aggression and social investigation in mice.
Aggressive Behavior 33:1 1–6.
107. Brunner HG, Nelen M, Breakefield XO, Ropers HH, Vanoost BA (1993)
Abnormal-behavior associated with a point mutation in the structural gene for
monoamine oxidase-A. Science 262:5133 578–580.
108. Marler CA, Moore MC (1988) Evolutionary costs of aggression revealed by
testosterone manipulations in free-living male lizards. Behav. Ecol. Sociobiol.
(Print) 23:1 21–26.
109. Oppliger A, Giorgi MS, Conelli A, Nembrini M, John-Alder HB (2004) Effect
of testosterone on immunocompetence, parasite load, and metabolism in the
common wall lizard (Podarcis muralis). Candaian Journal of Zoology-Reveu
Canadienne de Zoologie 82:11 1713–1719.
110. De Luca MA, Soinas M, Bimpisidis Z, Goldberg SR, Di Chiara G (2012)
Cannabinoid facilitation of behavioral and biochemical hedonic taste
responses. Neuropharmacology 63:1 161–168.
111. Rustay NR, Wrenn CC, Kinney JW, Holmes A, Bailey KR, et al. (2005)
Galanin impairs performance on learning and memory tasks: Findings from
galanin transgenic and GAL-R1 knockout mice. Neuropeptides 39:3 239–243.
112. McGlothlin JW, Neudorf DLH, Casto JM, Nolan V, Ketterson ED (2004)
Elevated testosterone reduces choosiness in female dark-eyed juncos (Junco
hyemalis): evidence for a hormonal constraint on sexual selection?. Proceedings
of the Royal Society B-Biological Sciences 271:1546 1377–1384.
113. Wolf WL, Casto JM, Nolan V, Ketterson ED (2004) Female ornamentation
and male mate choice in dark-eyed juncos. Animal Behavior 67:1 93–102.
114. Cawthorn JM, Morris DL, Ketterson ED, Nolan V (1998) Influence of
experimentally elevated testosterone on nest defence in dark-eyed juncos.
Animal Behaviour 56:3 617–621.
Testosterone Affects Gene Expression in Both Sexes
PLOS ONE | www.plosone.org 9 April 2013 | Volume 8 | Issue 4 | e61784
115. Yonehara K, Suzuki M, Yamanouchi K, Nishihara M (2002) Androgen
induces p130 mRNA expression in the neonatal rat hypothalamus. Neurosci.
Lett. 334:2 107–110.
116. Enstrom D, Ketterson E, Nolan V (1997) Testosterone and mate choice in the
dark-eyed junco. Animal Behavior 54:5 1135–1146.
117. Huszar D, Lynch CA, FairchildHuntress V, Dunmore JH, Fang Q, et al. (1997)
Targeted disruption of the melanocortin-4 receptor results in obesity in mice.
Cell 88:1 131–141.
118. Fan W, Boston BA, Kesterson RA, Hruby VJ, Cone RD (1997) Role of
melanocortinergic neurons in feeding and the agouti obesity syndrome. Nature
385:6612 165–168.
119. Farooqi IS, Yeo GSH, Keogh JM, Aminian S, Jebb SA, et al. (2000) Dominant
and recessive inheritance of morbid obesity associated with melanocortin 4
receptor deficiency. Journal of Clinical Investigation 106:2 271–279.
120. Hunter S, Apweiler R, Attwood TK, Bairoch A, Bateman A, et al. (2009)
InterPro: the integrative protein signature database. Nucleic Acids Res. 37:
D211–D215.
121. Whitehead A, Crawford DL (2006) Variation within and among species in gene
expression: raw material for evolution. Mol. Ecol. 15:5 1197–1211.
122. Aubin-Horth N, Desjardins JK, Martei YM, Balshine S, Hofmann HA (2007)
Masculinized dominant females in a cooperatively breeding species. Mol. Ecol.
16:7 1349–1358.
123. Pedretti A, Marconi C, Bettinelli I, Vistoli G (2009) Comparative modeling of
the quaternary structure for the human TRPM8 channel and analysis of its
binding features. Bba-Biomembranes 1788:5 973–982.
124. Wikelski M, Lynn S, Breuner C, Wingfield JC, Kenagy GJ (1999) Energy
metabolism, testosterone and corticosterone in white-crowned sparrows.
Journal of Comparative Physiology A-Sensory Neural and Behavioral
Physiology 185:5 463–470.
125. Pertwee RG (2008) The diverse CB1 and CB2 receptor pharmacology of three
plant cannabinoids: Delta(9)-tetrahydrocannabinol, cannabidiol and Delta(9)-
tetrahydrocannabivarin. Br. J. Pharmacol. 153:2 199–215.
126. Leibowitz SF (2005) Regulation and effects of hypothalamic galanin: relation to
dietary fat, alcohol ingestion, circulating lipids and energy homeostasis.
Neuropeptides 39:3 327–332.
127. Whittaker DJ, Soini HA, Gerlach NM, Posto AL, Novotny MV, et al. (2011)
Role of Testosterone in Stimulating Seasonal Changes in a Potential Avian
Chemosignal. J. Chem. Ecol. 37:12 1349–1357.
Testosterone Affects Gene Expression in Both Sexes
PLOS ONE | www.plosone.org 10 April 2013 | Volume 8 | Issue 4 | e61784
